A subset of Wistar-Kyoto (WKY) rats that spontaneously develops biventricular hypertrophy (BVH) in response to increased cardiac output was evaluated for ventricular expression of the atrial natriuretic factor (ANF) gene. Normal WKY rats had low levels of left ventricular ANF mRNA and minimally detectable ANF transcripts in the right ventricle. In contrast, BVH rats showed a sixfold greater ANF mRNA concentration .in the left ventricle than age-matched WKY controls. BVH right ventricular ANF mRNA levels equaled those found in BVH left ventricles and were dramatically greater than WKY right ventricular controls. Unlike experimental models of hypertrophy, both left and right ventricles significantly increase ANF gene transcripts in the natural development of BVH. The left and right ventricles can concordantly respond to hypertrophy and increase ANF gene transcription.
Introduction
Atrial natriuretic factor (ANF),' a potent natriuretic and vasorelaxant cardiac hormone that inhibits renin and aldosterone secretion, is synthesized and secreted predominantly by the atria in healthy adult mammals (1) (2) (3) . Small quantities of ANF mRNA have been detected in nonatrial tissues, particularly the ventricles, where levels approximate 1/50 to 1/250 of atrial concentrations in euvolemic animals (4, 5) . Increased ANF gene expression in the ventricle has been demonstrated in animal models producing cardiac hypertrophy. These models include surgically produced aortic constriction (6) , administration of high dose pharmacologic agents (6) , or sudden circulatory overload due to ureteral constriction, nephrectomy, or arteriovenous shunting (7) . These procedures produce dramatic changes in cardiovascular hemodynamics and analysis of ANF gene transcription following brief experimental periods has documented marked increases predominantly in the left ventricle (LV). Only one model has demonstrated increases in right ventricular gene expression (7) , at levels far 1 . Abbreviations used in this paper: ANF, atrial natriuretic factor; BVH, biventricular hypertrophy; iANF, immunoreactive ANF; LV, left ventricle; WKY, Wistar-Kyoto rat.
below that seen in the hypertrophied left ventricle. Localization of ANF gene induction primarily to one ventricular chamber may occur as an adaptive response to acute hemodynamic stress placed on the LV, represent nonspecific gene activation associated with chamber hypertrophy, or be a consequence of the model systems examined to date.
We have studied ANF gene expression in a unique model of naturally occurring biventricular hypertrophy (BVH) in a subset of Wistar-Kyoto rats (WKY). Unlike other models of cardiac hypertrophy, this condition is spontaneous, gradual, and progressive, permitting the animal to develop multiple compensatory mechanisms to mitigate the pathophysiologic sequelae of BVH. Animals develop a high output cardiac state with increased cardiac index, but retain normal blood pressure and have lowered peripheral resistance. Antemortum diagnosis of this condition is difficult, in part due to adaptive responses which prevent distinction of affected animals from age-matched WKY controls. Cardiac catheterization has been used to define BVH animals, and shows a hyperdynamic state (8) . Postmortem evaluation of these rats reveals striking biventricular hypertrophy with right and left ventricles weighing up to twice normal.
Ventricular ANF gene expression increases in these animals despite normal blood pressure and lowered peripheral resistance. However in contrast to other interventions causing cardiac hypertrophy, spontaneous BVH induces high levels of ANF mRNA in both the right and left ventricle. These data demonstrate that both ventricular chambers can produce this peptide, and suggest that gene expression correlates with the hypertrophied state of each chamber.
Methods
Animals. Male WKY rats, ranging in age from 9 to 14 mo, were obtained from our colony. A small subset of WKY rats (-10%) will develop biventricular hypertrophy (8) . Simple premortem tests for selecting these animals are unavailable. By random sacrifice of animals, we identified three BVH animals, based on ventricular to body weight ratios. One of the control animals (WKY 1) was from the same litter as a BVH animal (BVH 2). Animals were anesthetized with ether and hearts were excised. The atria and free wall of the right ventricle were separated and weighed individually; the interventricular septum was considered part of the left ventricle. The fibrous atrioventricular septum was removed from the left ventricle to assure that no contaminating atrial tissue was present. Atrial and ventricular tissues were homogenized in 4 M guanidium isothiocyanate.
RNA characterization. RNA was prepared by the guanidium isothiocyanate-cesium chloride method (9) and quantitated by measuring absorbance at 260 nm. RNA was electrophoresed in formaldehydeagarose gels and transferred to Genescreen Plus (NEN Products, Boston, MA). Northern analysis was performed using a 32P-labeled Pstl restriction fragment derived from a rat ANF cDNA as previously described (10). ANF probe was removed from the filters by boiling. To quantitate the amount of RNA loaded on agarose gels, a 32P-labeled oligonucleotide probe complementary to rat 18S ribosomal RNA (11) was hybridized to all filters in 0.9 M NaCl, 90 mM sodium citrate, I X Denhardt solution, 0.05% pyrophosphate, and 100 ,ug yeast tRNA overnight at 37°C. Filters were washed twice for 20 nmin at 45°C in 0.9 M NaCI, 90 mM sodium citrate, and 0.05% pyrophosphate. To assure probe excess, a 15-fold molar excess of 18S oligonucleotide was added (based on the calculated amount of 18S ribosomal RNA loaded). Since ribosomal RNA is the predominant constituent of total cellular RNA, and the 18S subunit represents a fixed proportion of ribosomal RNA, hybridization ofthis oligonucleotide was used as a measure of the total cellular RNA loaded for each sample. The size of the predominant band following 18S hybridization corresponded to 18S ribosomal RNA on ethidium bromide-stained RNA gels. Autoradiograms were scanned using an LKB 2222-010 Ultrascan XL laser densitometer with an LKB 2400 GelScan Software Package (LKB Instruments, Inc., Gaithersburg, MD). To estimate tissue ANF mRNA concentration, the ANF: 18S ratio was determined by dividing the absorbance corresponding to ANF probe hybridization by the absorbance corresponding to 18S probe hybridization.
Radioimmunoassay. Immunoreactive ANF (iANF) in guanidium isothiocyanate extracts of ventricular tissues (diluted 1: 100) was measured by radioimmunoassay as previously described (12) . The sensitivity of this assay was 95 pg atriopeptin III equivalents per ml of diluted extract. Ventricular concentration of iANF was obtained by dividing the iANF by the tissue wet weight.
Results
Ventricular weights. The body weights of animals studied ranged from 361 to 454 g and ventricular weights were indexed accordingly. The control WKY animals studied demonstrated right and left ventricular to body weight ratios (Table I) similar to those previously characterized (13) . BVH rats had severe biventricular hypertrophy, with both left and right ventricular to body weight ratios twice normal. This index of hypertrophy was statistically increased in BVH compared to WKY animals (P < 0.05), and was comparable to that documented in our initial report of BVH animals, in which a larger study population was examined (8) .
Northern analysis. Northern blots using the rat ANF ND, not detected.
Radioimmunoassay. Immunoreactive ANF (Table II) was detected in the left ventricles ofboth WKY and BVH rats. The concentration of iANF in BVH left ventricles was only threefold greater than in WKY controls, an increase which was not statistically significant (P > 0.05). The concentration of iANF detected in the right ventricles of animal WKY 1 was just above the sensitivity of the assay. All BVH animals exhibited right ventricular iANF concentrations comparable to those in the hypertrophied left ventricles.
Discussion
The BVH rat develops hypertrophy of both ventricles in response to an increased shunt fraction of the cardiac output; -45% of the cardiac output in these animals does not flow through capillary beds (8) . To maintain oxygen delivery, these animals must increase cardiac output, leading to a naturally occurring hypertrophy of both ventricles. Our results demonstrate that these events also cause marked increases of ANF mRNA levels in the right and left ventricle. While left ventricular ANF gene induction has been demonstrated by several laboratories (6, 7), high levels of right ventricular ANF gene expression have not previously been seen in experimental models of cardiac hypertrophy. Our data show that right ventricular induction of the ANF gene can occur, and at levels comparable to that seen in the left ventricle. The type and chronicity of hemodynamic changes produced in each model may be critical for chamber-specific expression of the ANF gene.
Spontaneous biventricular hypertrophy varies in several respects from previously reported experimental models of hypertrophy. First, this genetic condition causes gradual progression of the myopathy, with minimal acute deleterious effects. Animals were evaluated in this study at 9-14 mo of age. Other studies have assessed ANF gene induction shortly after an acute hemodynamic burden is placed on the animals. Precipitous changes in afterload, circulatory volume or arteriovenous shunting will primarily produce changes in left ventricular hemodynamic parameters. Involvement of the right ventricle is usually a gradual process, which would not be expected to be seen in the time course of acute studies.
If ANF expression by ventricular tissues occurs concordantly with hypertrophy, then experimental models producing primarily left ventricular hypertrophy would not be expected to induce right ventricular ANF gene expression. The BVH model of cardiac hypertrophy causes alterations of both ventricular chambers, and the ventricular weight to body weight index showed greater hypertrophy of the RV than LV (Table  I) . Concurrently, ANF mRNA was sixfold greater in the left ventricle of BVH animals as compared to WKY controls, but strikingly greater increases of ANF transcripts were found in hypertrophied right ventricles.
The immunoreactive ANF detected in ventricular chambers of WKY animals is low, and approximately 400-fold less than that found in adult atria ( 12) . Ventricular concentrations of ANF increased with hypertrophy, but less than anticipated given the increases in mRNA transcripts (Table II) . We have previously demonstrated that ventricular cells in culture release ANF peptide constitutively and lack secretory granules characteristic of atrial cardiocytes, which store the peptide before secretion (12) . We conclude that hypertrophied ventricular tissues also secrete ANF predominantly by a constitutive pathway, and do not store the peptide before release.
High levels of ANF gene transcription in animals with well-compensated cardiac hypertrophy suggest two possible relationships between this peptide hormone and pathologic states. The normal heart responds to acute hemodynamic burdens with several compensatory mechanisms; increased preload to optimize myofilament overlap and function (FrankStarling mechanism), increased catecholamines to augment contractility, and myocardial hypertrophy to increase the mass of contractile tissue (14) . Ventricular induction of a gene encoding an endogenous vasorelaxant, diuretic peptide might suggest that ANF participates in this adaptive response. Conversely, high level biventricular ANF gene expression in normotensive, euvolemic animals with spontaneous hypertrophy might imply that this gene is only a marker ofthe multifaceted cellular changes accompanying hypertrophy, rather than an adaptive response to acute hemodynamic stress.
The study of ventricular hypertrophy has relied largely on the experimental production of pressure or volume overload. BVH rats provide a naturally occurring model of spontaneous hypertrophy without acute hemodynamic perturbations. Definition of gene activation in this model may lead to a clearer understanding of those factors that are associated with the pathologic state of cardiac hypertrophy from those compensatory responses that are critical for restoration of hemodynamic homeostasis. Further studies on the role of ANF in this model should increase our knowledge of this hormone's function in physiologic and pathologic states.
